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SUPPLEMENTARY NOTES
ABSTRACT
Photonic crystals can produce strong light trapping and enhancement of the field using the tailoring of dispersion and the photonic band gap. The band gap frequency can be matched to tailor the emission from active medium such as quantum dots and quantum wells. In addition, the selective matching of the bandgap can be done to one or two of electronic levels in a multi-level system to influence the emission. 
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SUMMARY
Photonic crystals can produce strong light trapping and enhancement of the field using the tailoring of dispersion and the photonic band gap. The band gap frequency can be matched to tailor the emission from active medium such as quantum dots and quantum wells. In addition, the selective matching of the bandgap can be done to one or two of electronic levels in a multi-level system to influence the emission. Here the goal is to demonstrate a three dimensional photonic bandgap structure amenable to active material inclusion in it with minimal fabrication complexity. Further on the study modification of the absorption profile as a result of the photonic band gap and its experimental validation would be performed.
INTRODUCTION
Three dimensional (3D) photonic crystals and their optical properties have attracted a lot of attention in the past decade. The ability of these structures to confine light in all three dimensions provides for improved light-matter coupling and analysis of the resulting physical phenomena. The band gap frequency of this system can be varied to tailor to the electronic transition levels of a gain medium such as InAs quantum dot or an InGaAs quantum well. The band gap can be varied in addition to include either one or two electronic levels of a multi-level system and to influence the electronic quantum interference. Finally a micro-cavity can be introduced into the photonic crystal for intense light matter interaction. Thus, the ability of these structures to confine and concentrate light provides new opportunities for improved sensitivity, integration and enhanced functionality of devices.
Currently, many of the 3D photonic crystal structures are manufactured by layer to layer lithography or by structure inversion. These techniques are highly fabrication intensive and significant in terms of cost. Moreover, scaling of the lattice and inclusion of active materials is not straightforward. In this project, a 3D photonic crystal with band gap in the near infrared is proposed with minimal fabrication complexity. In addition, use of III-V materials makes this structure highly amenable to embedding of active materials for studying light matter confinement. Use of an epitaxially-grown structure for the third dimension makes the scaling of lattices easier than conventional layer by layer assembly.
METHODS, ASSUMPTIONS, AND PROCEDURES
In the past 12 months, this project has been successful in the design and fabrication of a set of 3D photonic crystal samples using GaAs/AlGaAs materials system for a bandgap of 1 μm. A growth structure was designed and grown by molecular beam epitaxy. A process flow for the fabrication of the photonic crystal was developed and initial results from this process are very encouraging.
Some of the major milestones of this project are ・ Design of a GaAs-AlGaAs based material structure: Using the lattice-matched GaAs/AlGaAs structure, a growth structure was designed for the fabrication of multilayer 3D photonic crystal. This technique does not depend on the layer by layer stacking typically employed for 3D photonic crystals. Since the GaAs-AlGaAs material systems is nearly lattice matched, increasing the number of photonic lattices is now a function of the epitaxial growth as opposed to the fabrication process. A wafer consisting of 4 lattice constants in the vertical direction was grown by molecular beam epitaxy (MBE) for the fabrication of photonic crystal ・ Process flow for 3D photonic crystal fabrication: A semiconductor fabrication flow consisting of minimal lithography and etching steps was developed. With a combination of electron beam lithography, dry etching and oxidation steps, the photonic crystal design was explored. ・ Development of Etch and Oxidation Techniques: For fabricating the 3D photonic crystal using the GaAs-AlGaAs design, it is necessary to deep etch the GaAs-AlGaAs structure with feature sizes as small as 225 nm. A dual etch step which involved pattern transfer from the resist to oxide, and from oxide to GaAs-AlGaAs was developed for this system. Moreover, the etches developed are highly selective, and are therefore robust and stable with respect to process variations. A technique for oxidation of AlGaAs was also developed without affecting the optical quality the structure. ・ Fabrication of photonic crystal structures: Using the techniques mentioned above, two samples of 3mm × 3mm photonic crystal samples were fabricated. The optical testing is currently underway.
RESULTS AND DISCUSSION
Design of 3D PBG and Growth of Epitaxial Structure
In order to have an optically active 3D-photonic crystal, the use of III-V material system with favorable emission properties is desired. An epitaxial design based on GaAs/AlGaAs was designed and epitaxially grown using molecular beam epitaxy. This design is amenable to fabrication of 3D photonic crystal and embedding of active optical material with minimal design variations and complexity. Based on theoretical calculations [1] [2] , the designed system would be having a bandgap near 1 μm wavelength upon fabrication. This wavelength is ideal for strained InGaAs quantum well structures which can be embedded into the GaAs/AlGaAs matrix [3] . Moreover the wavelength of the quantum well optical transition can be tuned by varying the indium composition to be above or below the photonic bandgap. In addition this design can be extrapolated to increase the lattice thickness, avoiding the complexity of scaling layers associated with a layer by layer process, traditionally used in 3D photonic crystals. A schematic of the designed growth structure is shown in Figure 1 . 
Semiconductor Process Flow Design
A semiconductor processing flow, with minimal processing steps, reliability and scalability was designed and is under development. We envisage a process that includes multistep plasma etch, followed by oxidation of AlGaAs to realize the 3D photonic crystal. The key advantage of this process is the ability to generate multiple layers of the photonic crystal by a single step. The minimum feature size of the structure is 225 nm with aspect ratio of 8:1.
Once the material is grown, we perform a two dimensional (2D) nanopatterning with square lattice symmetry on the sample. Subsequently the pattern is transferred to GaAs-AlGaAs layer through a dry etch process. This process results in a square 2D pattern with deep etch to GaAs surface. This serves as a pathway to perform selective oxidation and subsequent etching later. Post etching the structure is then subjected to oxidation of the high aluminum content AlGaAs layers at an elevated temperature. The oxidation of GaAs is negligible in this process. This allows us to selectively convert the AlGaAs to AlOx. The presence of this intermittent GaAsAlOx structure provides us with the index contrast necessary for the photonic crystal structure. Once the GaAs-AlOx structure is formed, it is sculptured selectively through a wet etch process to have the desired filling factor. 
Semiconductor Processing Lithography:
A high aspect ratio for etch necessitates the use of a hard mask for transferring electron-beam lithography patterns to optically active materials. Silicon dioxide was used as a hard mask onto which the lithographic pattern would be transferred and then subsequently to the GaAs-AlGaAs epitaxial layers. Since the features are sub-300 nm, and the wafers sizes are small, electron beam lithography was the chosen approach. The patterning was performed on a JEOL 9500FSZ, using Zeonrex (Corp.) Electron-beam Photoresist (ZEP) as the e-beam resist. ZEP provides good selectivity with respect to etching and the combination of ZEP+ underlying oxide layer provides a good etch mask for deep etching GaAs-AlGaAs. An image of the e-beam lithographic process is shown in Fig. 3 . Etching: In order to successfully transfer patterns from the resist to the oxide and from the oxide to GaAs -AlGaAs, etching techniques for selectively removing SiO 2 over GaAs, and GaAs over SiO 2 were developed as part of this project. The recipes developed are highly robust with selectivities of over 20:1, and provide a valuable tool for future III-V based developments. In order to be cost-conscious all etch process developments were made on photolithographypatterned GaAs wafers, instead of using electron beam lithography. A CHF3/O 2 etch process was developed for etching SiO 2 which is highly selective with respect to the GaAs layer. It complements the BCl3/Ar chemistry-based process used for etching GaAs which has a high degree of etch resistance for SiO 2 . A combination of these processes ensures a highly reliable overall pattern transfer. 6 Approved for public release; distribution is unlimited. It was observed that the etch rate of GaAs-AlGaAs samples are lower than GaAs substrate used for calibration. This will be accounted for while etching actual e-beam lithography sample or higher Ar concentration would be used to increase milling.
Oxidation: The presence of high aluminum content in the AlGaAs layers makes it selectively possible to oxidize AlGaAs into AlOx. The presence of GaAs-AlOx intermittent structure provides this design with the index contrast necessary to produce a photonic band gap in this system. A steam-based oxidation system has been found to produce AlOx with sufficient mechanical strength, lower stress and optical properties necessary for optical use [4] . 
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Different oxidation conditions including variation of carrier gases and temperatures were carried out. The presence of steam as an oxidation agent was observed to be vital as opposed to little or no oxidation in the presence of Oxygen alone. The oxidation was carried out on a furnace at a temperature of 420C, for 20 minutes. The steam oxidizing agent was passed through the chamber using N2 as carrier gas. The steam bubble temperature and the flow rate were kept constant. The sequence of semiconductor fabrication was successfully executed and photonic crystal samples were fabricated with GaAs-AlOx as constituents. An illustrative SEM image of the structure formed is shown in Fig. 8 . It is observed that the edges of the lattice are rough. This is primarily from the ZEP-SiO2 pattern transfer process. This process would be optimized through improving the e-beam lithography and use of a hard mask alone while transferring patterns to GaAs. 
CONCLUSIONS AND FUTURE WORK
This project has provided innovative pathways to design 3D photonic crystals through processes with minimal complexity and fabrication steps. The use of III-V materials, with potential to embed optically active quantum well/ quantum dot structures, provides a tool to study fundamental phenomena related to light-matter coupling with in completely confined systems. Reliable design and semiconductor fabrication techniques were developed for 3D photonic crystals using the GaAs-AlGaAs material system. A set of selective dry etch processes with high selectivity were developed to etch GaAs-AlGaAs with SiO 2 as hard mask. Optical characterization of samples fabricated using variable angle transmission and reflection would be performed moving forward to ascertain the nature of the band gap. An optimal wet etch would be developed to sculpture the fabricated structure to obtain the photonic band gap. These two processes would be cycled through to nail a reproducible process for measuring a photonic bandgap.
